Emergent reduced dimensionality by vertex frustration in artificial spin ice
Arrays of interacting, single-domain nanomagnets known as artificial spin ice have proved to be useful model systems with which to experimentally explore the microscopic nature of geometrical frustration [6] [7] [8] . Simple square and kagome artificial spin ice lattices have been subject to intense study because they provide unique insight into the consequences of frustrated magnetism, such as residual entropy 9, 10 and magnetic charge excitations [11] [12] [13] [14] . In the last few years, improved thermalization methods have provided access to the low energy phases of artificial spin ice structures 10, 15, 16 and even their dynamics [17] [18] [19] . There is now growing awareness that one could even employ these artificial systems to design desired emergent behaviors and exotic states 20 .
To this end, a number of new lattice geometries have been proposed to produce novel emergent phenomena through 'vertex frustration,' where the lattice geometry forces groups of neighboring island moments, called vertices, into higher-energy configurations that would not otherwise be observed in the ground state 8, 21 . Here we combine these theoretical and experimental advances to study thermal fluctuations about the ground state of the tetris lattice 8 , a regular two-dimensional lattice with reduced symmetry that is designed to exhibit vertex frustration. By analysis of the thermalized ground state, we demonstrate that the lattice decomposes into alternating stripes of two kinds, one of which displays the expected disordered state for a ferromagnetic onedimensional Ising model. The structure of the tetris lattice is depicted in Fig. 1 ; it is a decimation of the square lattice in which 3/8 of the islands are removed. Its low-energy behavior is best understood by decomposing the lattice into parallel strips of 'backbones' (blue in Fig. 1b ) containing four-island vertices and 'staircases' (red in Fig. 1b ) containing three-island vertices. This lattice is vertexfrustrated because it is impossible to place each three-island vertex of the staircases into its minimum-energy Type A configuration (the types of vertices found in the tetris lattice are enumerated in Fig. 2a) islands (nominal island dimensions of 470×170×3 nm and island spacings of a = 600 nm and 800 3 nm). The energy barrier to reversal of the magnetic moment of these islands is approximately equal to the thermal energy available at room temperature 17, 18 (due to the low thicknesses of 3-3.5 nm), so thermal fluctuations cause the island moments to flip rapidly at room temperature. The exact mechanism of island moment reversal (via coherent rotation or more complex intermediate states 25
) is unclear, but by slowly cooling below room temperature, we can drive the arrays into their thermalized ground state. This sort of sample allows us to study both the ground state and thermal fluctuations about the ground state using photoemission electron microscopy with x-ray magnetic circular dichroism contrast (XMCD-PEEM) 26, 27 . Measurements of the island moment configurations at T = 160 K indicate that the arrays are static at that temperature and are close to their predicted ground state, as depicted in Fig. 3 .
The backbone islands exhibit the predicted long-range order, as can be seen from the alternating chains of five white and five black islands in Fig. 3a , or from the ordered blue arrows in Fig. 3b .
The staircases, however, do not appear to be ordered. We characterize the system by considering the population of the different vertices in the lattice. As shown in Fig. 4a , the vertex populations (defined in Fig. 2a ) extracted from the images are close to those expected for the ground state.
For example, nearly all of the four-island vertices observed are in the lowest-energy Type I configuration.
The presence or absence of order on the staircases is related to the relative alignment of the moments in the neighboring backbones 8 . In particular, disordered staircases require antiparallel neighboring backbone moments for a given step (e.g., 
Methods:
Arrays of tetris artificial spin ice with lattice constants of a = 600 and 800 nm were patterned on a silicon substrate via electron beam lithography, using a bilayer resist stack with layers of polymethyl methacrylate (PMMA) of two different molecular weights. A permalloy (Ni 81 Fe 19 ) film was then electron-beam evaporated in ultra-high vacuum (see prior work 5, 10 for more details) while progressively stepping a growth shutter in front of the sample to produce arrays of varying thicknesses (i.e., 'discretized wedges'). Because the rate at which thermal fluctuations occur depends very sensitively on island thickness, this ensured that some of the arrays would undergo observable thermal fluctuations near room temperature. We found that 3 to 3.5 nm thick arrays were thermally active around room temperature, consistent with previous studies 17, 18 . A 2 nm capping layer of Al was deposited on top of the permalloy to inhibit oxidation. The island dimensions (470×170×3 nm) were similar to those used in previous studies 17, 18 of thermally active artificial spin ice, which facilitates comparison. Also, because these islands are thermally active around room temperature, problems associated with thicker islands (high temperature annealing and associated complications involving substrate-island interdiffusion 10 ) are avoided. The arrays were measured using synchrotron-based photoemission electron microscopy with x-ray magnetic circular dichroism contrast 
